Understanding how conservation of woodland caribou, an at-risk species for which large undisturbed areas are often proposed to maintain viable populations, can contribute to conservation of boreal biodiversity is an important consideration for an ecosystem warming at twice the global average and experiencing rapid resource development. We assess the focal or 'umbrella' value of the boreal population of woodland caribou for conservation of mammalian and avian richness (n = 432) in the boreal region of Canada by (i) evaluating cooccurrence of caribou distribution with that of boreal mammals (n = 102), birds (n = 330), at-risk mammals (n = 11) and at-risk birds (n = 47); and (ii) conducting systematic conservation planning using MARXAN software to identify minimum representative and complementary reserve networks, comprised of planning units deemed large enough (10,000 km 2 ) for persistence of terrestrial wildlife, both at the extent of boreal caribou distribution and the entire boreal region. While boreal caribou overlap with the range of 90% of boreal birds and mammals, area-efficient networks representative of boreal diversity focus on species-rich areas south of caribou distribution and other areas that contain relatively small-ranged species. A similar pattern occurs when the MARXAN analysis focused only on caribou distribution, i.e. representative networks are preferentially located on southern herd ranges. However, this situation differs markedly to include large areas within the distribution of caribou if anthropogenic footprint on the landscape is considered as a constraint on reserve design. Efforts to sustain boreal caribou offer considerable opportunities to conserve diversity of co-occurring mammals and birds, including areas of the relatively more disturbed caribou southern ranges that have irreplaceable value in an efficient and representative pan-boreal network of reserves. The high focal value of boreal caribou for animal diversity should be considered when making decisions and policy choices about how to best allocate conservation efforts across its extensive distribution.
principal threats to persistence of forest-dwelling boreal caribou include habitat loss and increased predation, the latter likely facilitated by road building (Dickie et al., 2017) , forest harvesting and other activities that create early seral habitat beneficial for competitive ungulate species (Gagné et al., 2016) . The increase in abundance of competitive species thereby increases caribou mortality by higher consequent abundance of wolves and other predators (Festa-Bianchet et al., 2011) , that is, apparent competition (Holt, 1977) .
Due to the association between forest disturbance and caribou decline, conservation of large interconnected areas is often proposed as necessary for the persistence of caribou (Courtois et al., 2007) . If efforts to conserve boreal caribou include the protection of large forest areas from industrial activities, it is instructive to understand the value of these actions for conservation of other species by assessing how representative reserve networks overlap with caribou distribution and thereby protect boreal caribou alongside the larger suite of boreal biodiversity.
Systematic conservation planning addresses the question of how best to allocate limited resources to build optimal reserve networks that meet a set of conservation objectives while minimizing costs (Margules and Pressey, 2000) . The reserve network is optimally designed with consideration for biodiversity over the entire area, using the principle of complementarity. The complementarity principle requires design of reserve networks to optimize how individual sites ('planning units') are complementary to each other and together best represent species not found at other sites, thereby generating a reserve design that is greater than the sum of the parts. We use the optimality framework generated by MARXAN software (Ball et al., 2009) to evaluate the degree to which complementary representation of richness of boreal mammals and birds might strategically overlap with caribou distribution across the 57 local populations (ranges) identified by Environment Canada (2011) (Fig. 1) . Our assumption is that high priority sites for reserves identified by MARXAN can include the most biodiverse areas in the boreal for the taxa analyzed. This assumption rests on the notion that the 'minimum site set' problem the MARXAN algorithm seeks to solve will, by design, focus on planning units with the highest richness. We focus on a minimum set of complementary sites to gain insight into how spatial patterns of species distributions should influence an efficient network and protected areas design at the biome level. In addition, examining how an optimal reserve network in caribou distribution overlaps with the different boreal populations can help to determine which ranges might be associated with priority sites, and therefore have similar value as above for biodiversity conservation throughout the distribution of boreal caribou. Our analysis does not specifically address how the present system of boreal protected areas fits with our findings, although we expect the work can be useful in this regard.
Our objectives were to evaluate co-occurrence of the distribution of boreal caribou with (i) mammals, birds, and at-risk mammals and birds, and (ii) efficient, complementary reserve networks, identified through systematic conservation planning, that represent the full suite of boreal mammals and birds, in the boreal region in its entirety as well as in boreal caribou distribution. A comparison between the entire boreal region and that of caribou alone allows insight into both the umbrella value of caribou as well as what is not conserved, on the basis of spatial overlap, by efforts to conserve boreal caribou. Our focus was on minimum, representative and complementary networks of reserves, comprised of areas large enough to do so effectively (i.e., 10,000 km 2 ). This scale of planning was chosen as it is consistent with minimum reserve area required by terrestrial mammals so that reserves do not lose species due to insularization (Gurd et al., 2001) and larger than the minimum dynamic reserve area estimated for major classes of boreal plant communities (Leroux et al., 2007) .
While caribou conservation also includes strategies such as silviculture to maintain conifer dominance (Fortin et al., 2011; Courtois et al., 2008) , predator control (Hervieux et al., 2014) or other stewardship and management activities (e.g. Cornwall, 2016) , our focus is on the role of large conservation areas and the degree to which a representative and efficient reserve network can overlap the distribution of woodland caribou. In addition, we focus on at-risk species to identify possible simultaneous opportunities for recovery planning of multiple mammals and birds (Environment and Climate Change Canada, 2018) . We target mammals and birds because management strategies for effective protection of woodland caribou are of similar spatial and temporal magnitude, in contrast to insects or fungi (Kerr, 1997) . Moreover, relative to birds and mammals, there is little variation in richness of amphibians and reptiles across the boreal region or the distribution of woodland caribou (Warman et al., 2004) . (Brandt, 2009) and herd ranges of the Boreal population of woodland caribou. Numbers indicate herd names: 1-Northwest Territories North, 2-Norwest Territories South, 3-Maxhamish, 4-Calendar, 5-Snake-Sahtahneh, 6-Parker, 7-Prophet, 8-Chinchaga, 9-Bistcho, 10-Yates, 11-Caribou Mountains, 12-Little Smoky, 13-Red Earth, 14-West Side Athabasca River, 15-Richardson, 16-East Side Athabasca River, 17-Cold Lake, 18-Nipisi, 19-Slave Lake, 20-Davy-Athabasca, 21-Clearwater, 22-Primrose-Cold Lake, 23-Highrock-Key, 24-Smoothstone-Wapawekka, 25-Steephill-Foster, 26-Suggi-Amisk-Kississing, 27-Pasquia-Bog, 28-The Bog, Wine Mountain, 56-Mealy Mountain, 57-Labrador.
Fig. 1. Boreal region of Canada

Methods
Richness mapping
We developed a spatial dataset of extent of occurrence for mammal (n = 102) and bird (n = 330) species in Canada's boreal region based on Warman et al. (2004) . Warman et al. (2004) determined presence of common and listed species in terrestrial Canada by overlaying digitized range maps on a grid composed of 10,000 km 2 hexagonal 'planning units' and counting as present any species with range intersecting the planning unit. Warman et al. (2004) relied on Ridgely et al. (2003) for bird distributions. We updated mammal distributions by overlaying range maps from Patterson et al. (2007) . We also updated the data on at-risk mammals and birds based on distributions of species listed as Endangered, Threatened or Special Concern by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) using range maps digitized from recent species-specific assessment reports available at the Public Registry for Species at Risk (Government of Canada, 2017). We relied on Environment Canada (2011) for range information of boreal woodland caribou ( Fig. 1 ). We clipped this grid to the boreal boundaries mapped by Brandt (2009) and removed all water bodies larger than 10,000 km 2 (Fig. 2) . The clipping produced a set of 680 planning units at the extent of the boreal region, some with varying sizes along the perimeter of the study region or large lakes.
Systematic conservation planning
We used MARXAN v. 2.43 (Ball et al., 2009) to map cost-efficient reserve networks that represent all the species in our dataset. MARXAN is an optimization tool widely used in systematic conservation planning to identify spatial reserve networks that meet pre-set biodiversity goals while minimizing 'cost' (see below for goal-specific definitions of cost). In other words, MARXAN seeks to solve the minimum set problem of reserve design: what is the minimum number of sites necessary to represent all species at the least cost? As mentioned, MARXAN uses complementarity as a key design principle, i.e. planning units complement each other well if the species they contain are different, so in combination the planning units that compose the reserve network together achieve comprehensive representation in an efficient manner. The software finds optimal reserve networks by running a user-defined number of iterations aimed at minimizing the following objective function where trade-offs among feature penalties, spatial design and cost are considered: 
where BLM is the Boundary Length Modifier and SPF is the Species Penalty Factor (see explanation below). MARXAN seeks to minimise the cost of all the planning units included in the reserve network while incorporating penalties on solutions that do not reach the set target for all the conservation features (Feature Penalty, weighted by Species Penalty Factor, SPF). We programmed MARXAN to meet the following targets for all mammal or bird species ('conservation features' in MARXAN lexicon):
where the control variable x i has value 1 for selected planning units and 0 for planning units not selected, and r ij is an area-weighted occurrence of species j in site i. In principle, the reserve network should represent every mammal and bird species at least once (i.e. there is at least one planning unit worth of each species). By area-weighted, we mean that the occurrence matrix was normalized by the size of a planning unit (i.e. 10,000 km 2 ). We chose an area-weighted approach to compensate for the bias towards planning units on the perimeter which have smaller areas from being clipped by the boreal boundary.
The cost component of Eq.
(1) has three parts. First, there is a penalty associated with each planning unit in the network. We programmed two different penalties for this component: i. area, where the cost of a planning unit is its geographic size in ha, and ii. landscape condition, where the cost of a planning unit is the percent of the planning unit area covered by human and industrial footprint (Fig. 2) . To estimate the footprint of industrial disturbances, we used Global Forest Watch Canada (2014) 'access' dataset, a binary dataset of disturbed or undisturbed areas derived from Landsat (TM and ETM) satellite images by delineating all visible infrastructure and other industrial activities with a 500-m buffer (cf. Pasher et al., 2013) .
The second component is the penalty for targets not being met, the C.R. Drever, et al. Biological Conservation 232 (2019) 238-252 species penalty factor (SPF). We set SPF = 100 for all scenarios as this number is on the same order of the number of features (in this case, species) and for which the number of missing targets is at a minimum. Because we were interested in how caribou distribution overlapped with boreal mammal and bird diversity broadly, we did not modify the SPF by species. If we wanted to evaluate how caribou distribution overlapped with a particular species or group of species within the boreal set, we could have set the SPF differently for individual species. However, such an analysis was outside the scope of this paper. The third component of cost is a penalty associated with the shape or clumping of the reserve network, controlled by the Boundary Length Modifier (BLM). We set BLM = 0, meaning the algorithm ignored boundary length, based on the assumption that the large size of individual planning units is effective for biodiversity conservation and that compactness is not critical for reserve design given our research question and national scale of analysis.
We assessed the value of planning units in the overall reserve network design by examining how many times a given planning unit was included in the minimization solution. Planning units included in ≥90% of all runs (n = 200 with 1,000,000 iterations each) were deemed to have high value for representation in the boreal region because they were crucial to meeting the goal of all species having to be present in at least 10,000 km 2 . We also mapped the 'best solution' (Nicolson et al., 2010) , i.e. the one with the lowest value of the objective function and that represents the most efficient solution. Our aim was to evaluate whether high value areas occurred within the distribution of boreal caribou, and if so, where. This approach allowed us to understand how boreal-wide species diversity relates to that found only in boreal caribou distribution, which comprises approximately half of the boreal region (Environment Canada, 2012) . A second analysis using the same representation targets as the first focused exclusively on the planning units that intersected the distribution of boreal caribou (n = 359), to understand in which ranges high-value areas occur for efficient representation of diversity of boreal mammals and birds.
Results
Distribution of mammal and avian diversity in Canada's boreal
Our biodiversity data (n = 432) showed a strong latitudinal gradient of richness throughout Canada's boreal region (Fig. 3) . This pattern was apparent for both mammals (Fig. 3a) and birds (Fig. 3b ). The 90% decile of total species richness occurred along a 200-500 km-band along southern boreal edge of Ontario to Alberta (Fig. 3c ), while the 10% decile occurred along a 100-600 km-band of the northern boreal extent of Newfoundland and Labrador, Quebec and the Northwest Territories.
The distribution of boreal caribou contained 389 species or 90% of mammals (n = 95) and birds (n = 294) found in the boreal. The highest species richness (90% decile) occurred along the southern extent of caribou distribution in Alberta, Saskatchewan and Manitoba, while the lowest richness occurred in northern Quebec, coastal Labrador and the northern extent of caribou distribution in the Northwest Territories' Great Bear Lake region (Fig. 3c) .
The distribution of at-risk mammals (n = 11; Fig. 4a ) and birds (n = 47; Fig. 4b ) varied across boreal Canada, with the highest richness (90% decile) for both taxa occurring in the southern edge of boreal Alberta, Manitoba, and Quebec (Fig. 4c ). Thirty-seven of the 57 caribou ranges contained at least 10 at-risk mammals and birds. The lowest richness (10% decile) followed the same spatial northern pattern as for all species combined. Richness of at-risk taxa in caribou distribution was highest (90% decile) in the Charlevoix and Owl-Flinstone ranges (15 and 14 species, respectively) and lowest (10% decile, five species) in northern extents of the Quebec, Northwest Territories North and Northwest Territories South ranges.
Systematic conservation planning
In the first scenario, in which planning units had area-based costs, most planning units were selected with low frequency (< 10% of all runs) and planning units of high importance for a representative network (i.e. selected in ≥90% of all runs) occurred principally on the southern fringe of the boreal region from British Columbia to the island of Newfoundland (Fig. 5a ). This scenario also included several planning units in the northern boreal extent, on the western shore of Hudson Bay, as well as in the Northwest Territories north of Great Bear Lake and Yukon-Alaska border region near the Old Crow flats. Areas of high selection by MARXAN intersected caribou distribution in the following herd ranges: Charlevoix, Owl-Flintstone and the Northwest Territories North. The best-fit solution (i.e. the reserve design that best met our representation target at the least cost) comprised 46 planning units covering approximately 17 M ha (Fig. 5a ).
Twenty species did not meet the areal representation target, with < 10,000 km 2 in the reserve network identified as the best solution by MARXAN. This situation was due to the species having < 10,000 km 2 of range intersecting the boreal study area. These species were principally birds with small range overlap with the southern extent of the boreal region (e.g. Yellow-throated Vireo (Vireo flavifrons), Green-backed heron (Butorides virescens), Cinnamon Teal (Spatula cyanoptera)) or one of three mammals (Eastern red bat (Lasiurus borealis), Plains pocket gopher (Geomys bursarius) and Olive-backed pocket mouse (Perognathus fasciatus)) in the same situation. The planning units containing these species were selected in nearly all MARXAN runs and best-fit solutions, indicating a high degree of irreplaceability (a measure of the likelihood that a site will be required to represent each species in a planning region). Similarly, the planning units in the northern boreal extent chosen with high frequency corresponded to areas that contain rare species, such as Whooping Crane (Grus americana) in northern Alberta.
In the second scenario, in which cost was set by the percent of each PU covered by human and industrial footprint (landscape condition or "access" ; Fig. 2 ), a different pattern emerged. While most planning units selected at high percentage by MARXAN also occurred on the southern fringe of the boreal region or the same high-frequency areas in the northern edges of study area selected in the first scenario ( Fig. 5b) , large areas were also selected with moderate frequency in the northern boreal, some within caribou distribution in Northwest Territories, Saskatchewan, Manitoba, Ontario, Quebec and Labrador. The best-fit solution in this scenario covered more area than the first, 59 M ha over 103 planning units.
When we constrained the analysis to caribou distribution and evaluated scenarios with area ( Fig. 6a ) or landscape condition (Fig. 6b) as cost, a similar pattern emerged to the analysis of the entire boreal region, i.e. MARXAN selected planning units principally along the southern extent of boreal caribou distribution, for instance, in the Vald'Or, Charlevoix and Little Smoky ranges, as well as several planning units along the northern extent of caribou distribution in the Northwest Territories North herd. Using a cost function based on landscape condition indicated many areas in northern Ontario and Quebec also have value as part of a representative, complementary network of reserves in caribou distribution. The best-fit solution in these scenarios covered 35 M ha and 41 planning units (area-based cost) and 60 M ha and 68 planning units (landscape condition-based cost).
Discussion
Our findings indicate an area-efficient minimum reserve network that is representative of boreal birds and mammals in Canada should include the relative species-rich areas at the region's southern extent alongside northern areas that contain rare species found only thereareas that generally do not overlap with the distribution of boreal caribou. However, this pattern differs considerably when landscape condition, as estimated by percent of industrial footprint in each planning unit, is considered as a cost on network design so that areas with low footprint are preferentially chosen. In this case, caribou distribution, especially in Ontario and Quebec, becomes important as part of a representative network for boreal avian and mammalian diversity. This finding, in conjunction with i. the fact that boreal distribution includes 90% of boreal bird and mammal species, ii. 65% of the 57 ranges in Canada's distribution of boreal caribou contain areas with > 10 mammals or birds considered at-risk, offering abundant opportunities to simultaneously conserve caribou and other imperilled fauna, and iii. Recent evidence that forest management practices aimed at maintaining caribou habitat can directly benefit other boreal fauna (Bichet et al., 2016) , suggest that woodland caribou in Canada, like other mammals with wide public appeal (Di Minin and Moilanen, 2014), has high value as an umbrella species for boreal biodiversity.
Our finding that an efficient allocation of complementary reserves requires sites throughout the southern edge of boreal Canada is consistent with other studies and likely a consequence of the latitudinal diversity gradient. Warman et al. (2004) determined that irreplaceability was highest in southern Canada and a minimum set of sites to represent 793 species of various taxa was mostly along the southern extent of the International Boundary between USA and Canada. A metaanalysis (Andrew et al., 2014) examining studies of reserve networks in boreal Canada found sites in southern Canada are predominately selected by approaches that rely on systematic conservation planning. Given our findings, the ongoing northward recession of boreal caribou distribution by 34 km per decade (Schaefer, 2003) may be decreasing the representation value of caribou for diversity across the boreal C.R. Drever, et al. Biological Conservation 232 (2019) 238-252 region. This situation underscores the value of not abandoning conservation efforts in the southern portion of the distribution. Irrespective of caribou outcomes, large-landscape conservation in these areas stands to improve prospects for the widest variety of boreal mammals and birds.
When considering the areas encompassed by caribou distribution and the 90% of the boreal mammal and bird species contained therein, we found high value for representation of boreal diversity in the Northwest Territories North herd, especially when landscape condition was included in the cost function. This range also has a high occurrence of at-risk mammals in its northwestern extent, providing opportunities for planning and conservation of multiple species with populations in jeopardy of extirpation or extinction.
Our analyses also indicate southern herds such as Charlevoix, Vald'Or or Little Smoky have considerable value as part of a representative reserve network, a finding that did not change upon consideration of the impacted state of their ranges. Species in these ranges are found in no other areas of the boreal region (e.g. Bighorn sheep (Ovis canadensis); Black-throated blue warbler (Setophaga caerulescens)). The relatively high value of southern herds for boreal diversity should be accounted for by planners and managers when making triage decisions about allocation of scarce resources for caribou conservation. These decisions often imply abandoning efforts in the south where human disturbance footprint is expansive for a focus on northern ranges where conflicts with resource use are presently relatively lower and in which herds have higher probabilities of population persistence (e.g. Wilson Schneider et al., 2010) . Recognizing the relatively poorer condition of many southern herds and that species richness is only one consideration in a complex process of decision-making regarding where to efficiently allocate conservation efforts, our observations indicate northern herds that represent at-risk species and southern herds that represent areas of high local species diversity should be considered priority sites that can optimize the strategic value of woodland caribou recovery for boreal-wide conservation.
Our approach has potential limitations. First, our reserve design is likely scale-dependent, either related to the size of the planning units (Kunin, 1997) or scale of input data (Rouget, 2003) . We assume this scale dependence can be accounted for by choosing a spatial grain deemed large enough for persistence, i.e. our results provide an ecologically motivated scale for which caribou might act as a focal species for other taxa. This assumption is based on the ecological rationale for our planning unit size, i.e. it is larger than the area required for a reserve to not 'lose' mammal species due to habitat insularization in eastern Canada (2700 km 2 ; Gurd et al., 2001) , the minimum size of effective reserves across Canada (3140 km 2 ; Wiersma et al., 2004) or the estimated minimum dynamic area for spruce forests in northwest Canada (3407 km 2 ; Leroux et al., 2007) . Second, species richness does not necessarily capture the full biodiversity of any given area. Using relative abundance data would certainly be a valuable complementary approach. That said, richness remains a useful (and often the only available) proxy for biodiversity and captures dimensions of composition. To the best of our knowledge, relative abundance data or information on beta-diversity for all our focal taxa are simply not available at the scale of the boreal. Thirdly, identification of high value areas in MARXAN is based on the probability of species presence in a planning unit. However, the species may be rare in a given planning unit, as species are typically not equally abundant throughout their ranges (Brown et al., 1995) . Focusing on only the portion of high priority areas within caribou range may not capture the uneven distribution of intraspecific abundances, and thus miss areas where abundances are greatest, habitat suitability is optimal, or species-specific conservation measures may be most effective. Lastly, we examined only a minimum set of sites that includes at least only one site for a given species -this minimum network makes no assumption of adequacy for effective or lasting conservation of the species therein. Such a network would probably be larger and cover more sites than our minimum set and so provide planners with certainty the network could sustain component species in the long term. That said, our work is meant to identify how general spatial patterns of boreal diversity should be considered in the design of actions for caribou recovery at the broad scale of its distribution.
In conclusion, using a minimum viable area that allows for wildlife persistence as our unit of interest, we demonstrate caribou can have high representative value for boreal diversity, species at-risk and for range-restricted species in the southern edge of its distribution. While we acknowledge species richness should not be the only indicator for identifying high priority sites for conservation, we find evidence the extirpation of caribou from the southern boreal may be limiting its effectiveness as a focal species, reinforcing the need to prevent further recession due to anthropogenic pressure. 
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Appendix A. Species list
Notes: Threat status under the Committee on the Status of Endangered Wildlife in Canada (COSEWIC): SC = Special Concern: TH = Threatened; EN = Endangered. If indicated as 'no' in caribou co-occurrence, species has a range that does not intersect the distribution of the Boreal population of woodland caribou. Drever, et al. Biological Conservation 232 (2019) 
Birds
